Background While sarcopenia is typically defined using total psoas area (TPA), characterizing sarcopenia using only a single axial cross-sectional image may be inadequate. We sought to evaluate total psoas volume (TPV) as a new tool to define sarcopenia and compare patient outcomes relative to TPA and TPV. Method Sarcopenia was assessed in 763 patients who underwent pancreatectomy for pancreatic adenocarcinoma between 1996 and 2014. It was defined as the TPA and TPV in the lowest sex-specific quartile. The impact of sarcopenia defined by TPA and TPV on overall morbidity and mortality was assessed using multivariable analysis. Result Median TPA and TPV were both lower in women versus men (both P<0.001). TPA identified 192 (25.1 %) patients as sarcopenic, while TPV identified 152 patients (19.9 %). Three hundred sixty-nine (48.4 %) patients experienced a postoperative complication. While TPA-sarcopenia was not associated with higher risk of postoperative complications (OR 1.06; P=0.72), sarcopenia defined by TPV was associated with morbidity (OR 1.79; P=0.002). On multivariable analysis, TPV-sarcopenia remained independently associated with an increased risk of postoperative complications (OR 1.69; P=0.006), as well as longterm survival (HR 1.46; P=0.006). Conclusion The use of TPV to define sarcopenia was associated with both short-and long-term outcomes following resection of pancreatic cancer. Assessment of the entire volume of the psoas muscle (TPV) may be a better means to define sarcopenia rather than a single axial image.
Introduction
Pancreatic cancer is the fifth most common cancer worldwide with 30,000 new cases diagnosed annually. 1 Surgical resection is the only curative treatment option for pancreatic cancer patients with a 5-year survival of 20-25 %. 2, 3 While the mortality associated with pancreatic resection has dramatically decreased over the last several decades, morbidity remains a problem. [4] [5] [6] Specifically, up to 20-40 % of patients will experience some type of complication following pancreatic resection. Perioperative complications not only affect patient quality of life, but can delay subsequent therapy and adversely impact long-term survival. [7] [8] [9] [10] Preoperative assessment of patients at risk for postoperative complications is therefore critical. Accurate identification of patients at high risk of perioperative morbidity can guide patient-physician discussions prior to surgery, as well as identify appropriate patients for Bpre-habiliation. ^1 1 Several studies have demonstrated that active alcoholism, coagulopathy, jaundice, acute renal failure, heart disease, and obesity are associated with increased postoperative morbidity and mortality after pancreatic resection. [12] [13] [14] More recently, there has been interest in identifying more general parameters of Bhealth^to risk stratify patients.
Frailty, defined as decreased physiologic reservoir, has been proposed as a more global metric of the patient's health status. 15, 16 In fact, 7 to 12 % of individuals in the USA suffer from frailty, with women being at greater risk than men. 17, 18 Frailty can be evaluated using different techniques including the use of questionnaires/indices, as well as the assessment of hand grip strength, walking speed, and sitting time. [19] [20] [21] These measures can, however, be cumbersome to obtain, as well as vary on a daily or weekly basis. 22, 23 Another key component of frailty is the loss of lean muscle mass or sarcopenia. 24 Sarcopenia can occur in a wide range of body compositions including normal weight, overweight, and obese patients. In turn, sarcopenia is distinct from cancer-related weight loss or cachexia. 25, 26 Several emerging studies have suggested that sarcopenia may be associated with poor prognosis in cancer patients. 27, 28 Sarcopenia has traditionally been defined using only a single axial cross-sectional image of the psoas muscle at the level of L3. 29, 30 Using this technique, sarcopenia is defined as the total psoas area (TPA), with sarcopenic patients having a smaller TPA. 31, 32 Defining sarcopenia only using a single axial cross-sectional image, however, may be inadequate. Recent advances in imaging have made volumetric-rather than cross-sectional area-the preferred method of diagnostic assessment in many clinical settings. 33, 34 Three-dimensional volumetric assessment of the psoas (i.e., total psoas volume (TPV)) has not been well studied or accepted as a means to define sarcopenia. As such, the objective of the current study was to evaluate the impact of sarcopenia on outcomes following curative resection of pancreatic cancer. More specifically, we sought to evaluate TPV as a new tool to define sarcopenia and compare patient outcomes relative to TPA and TPV.
Method Study Design
All patients who underwent curative intent resection for pancreatic adenocarcinoma at the Department of Surgery of the Johns Hopkins Hospital between April 1996 and March 2014 were identified. Perioperative abdominal computed tomography (CT) images (i.e., within 30 days before surgery) were available for re-review for 763 patients; these patients represented the study cohort. Standard demographic and clinicopathologic data were collected including data on age, sex, race, body mass index (BMI), tumor characteristics (stage, size, and grade), lymph node metastasis, lymphovascular invasion (LVI), perivascular invasion (PVI), operative details, and length of hospital stay. Data on perioperative morbidity and mortality were also collected. Postoperative complications were scored based on Clavien-Dindo classification with major complications being defined as Clavien grade ≥3.
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Image Analysis
Using the Ultravisual software package (Merge Emageon, Birmingham, AL, USA), sarcopenia was initially assessed by measuring TPA at the level of L3 where both iliac crests were clearly visible. As previously described, measurements were performed in a semi-automated fashion with manual outlining of the psoas muscle borders. 36 TPV was assessed using AW Workstation Volume Viewer Software (GE Healthcare, Little Chalfont, United Kingdom). Specifically, TPV was calculated using three manual measurements at the level of L3 on the first slice where both iliac crests were visible by hand tracing the borders of the entire psoas muscle (Fig. 1) . Three manual measurements of the psoas muscle were performed to assess a total of 55 cm total psoas length. All measurements were done in a semi-automated fashion with the density threshold setting between −30 and 110 Hounsfield Units (HU) to exclude vasculature and fatty infiltration areas from the volumetric calculations. Both TPV and TPA were normalized for height.
Statistical Analysis
Continuous variables were provided as median values with interquartile range (IQR). Categorical variables were reported as totals and frequencies. The impact of sarcopenia was evaluated both as a continuous and a categorical variable. As previously reported and validated, to obtain specific sex categorical cutoff value for sarcopenia, optimum stratification was assessed through a series of sensitivity analyses and sarcopenia was defined in categorical analyses as the lowest quartile for men and women separately. 26, 30 The TPA cutoff to define sarcopenia was 414. 5 /m 2 for men. The impact of sarcopenia on morbidity was assessed using univariable and multivariable logistic regression analyses. Overall survival was analyzed using the Kaplan-Meier method, and differences in survival were evaluated with the log-rank test. To identify prognostic factors after surgical intervention, variables significant on univariable analysis were included in the multivariable Cox proportional hazards model. Results were reported as odds ratios (OR) or hazard ratios (HR), where appropriate, with 95 % confidence intervals (95 % CI). A P value of 
Results

Demographics and Clinical Characteristics
The baseline clinicopathologic characteristics of 763 patients who met study inclusion criteria were summarized in Table 1 . Median patient age was 67.0 years (IQR 58, 74) and 54.8 % (n=418) were males; most patients were Caucasian (n=646, 84.7 %). Median pancreatic tumor size was 3.0 cm (IQR 2.3, 4), and lymph node metastasis was common (n=532, 70.0 %). According to the 7 th edition American Join Committee on Cancer (AJCC) staging system, 37 the majority of tumors were stage II (81.5 %). Vascular and perineural invasion were present in 56.0 % (n=367) and 86.5 % (n=646) of patients, respectively. At the time of surgery, the operative procedure consisted of pancreatoduodenectomy (n=583, 77.2 %), distal pancreatectomy (n=139, 18.4 %), and total pancreatectomy (n=33, 4.4 %).
The median TPA and TPV were 600. (Fig. 2a, c) . In examining the entire cohort, 192 (25.1 %) patients had sarcopenia as defined by TPA, while 152 patients (19.9 %) had sarcopenia when TPV was measured. There was a trend toward decreasing TPA (correlation index: −21, P<0.001) and TPV (correlation index: −23, P<0.001) with increasing age (Fig. 2b, d ). Of the 127 (16.6 %) patients who had a BMI ≥30 kg/m 2 , 27 (21.3 %) had sarcopenia according to TPA, and 19 patients (15.0 %) according to TPV. These patients were characterized as having sarcopenic obesity.
Impact of Sarcopenia on Postoperative Complications
Of the 763 patients who underwent pancreatic resection, 369 experienced at least one complication for an overall morbidity of 48.4 %. The most common complications were delayed gastric emptying (15.7 %), wound complication (13.1 %), and pancreas fistula (9.6 %). Of the 369 complications, 126 (34.1 %) were major. While sarcopenia according to TPA was not associated with the risk of morbidity (OR 1.06, 95 % CI 0.77-1.47; P=0.72), patients who suffered from sarcopenia defined by TPV were at higher risk for postoperative complications (OR 1.79, 95 % CI 1.25-2.56; P=0.002) (Fig. 3a) . Patients with TPV-sarcopenia also had an increased risk of major complications (TPV-sarcopenia, 22.4 % vs. nonsarcopenia, 15.1 %; P=0.03) and an increased length of hospital stay (TPV-sarcopenia, 10 days vs. non-sarcopenia, 8 days; P=0.002) ( Table 2 ). When stratifying patients into categories based on TPV quartiles, patients with the lowest 43.2 % vs. quartile 4: 45.0 %; P=0.04). On univariate analysis, BMI and type of operation were also associated with an increased risk of morbidity (all P<0.05) ( Table 3 ). In a multivariate logistic regression model that accounted for competing variables, TPV-sarcopenia remained independently associated with a higher risk of postoperative complication (OR 1.69, 95 % CI 1.16-2.46; P = 0.006). Moreover, patients with sarcopenic obesity based on TPV had a more pronounced risk of complications compared with patients who did not have sarcopenia (TPV-sarcopenic obesity, 74.1 % vs. nonsarcopenia 42.2 %, P=0.003) (Fig. 3b) . In addition, additional analyses to explore the association of specific subtypes of complications with sarcopenia were performed; bile leak and renal complication were more common among sarcopenic patients (P<0.05).
Impact of TPV Sarcopenia on Long-Term Survival
Median, 1-, 3-, and 5-year overall survival for entire cohort was 25 (Fig. 4a) . In a multivariable model that accounted for tumor-specific factors and age, TPV-sarcopenia remained independently associated with an increased risk of death (HR 1.46, 95 % CI 1.11-1.91; P=0.006) ( Table 4) . To further explore any potential impact of TPVon survival, additional analyses were performed by stratifying patients into categories based on TPV quartiles. Overall 5-year survival was worst (Fig. 4b) .
Discussion
Over the past several decades, perioperative mortality associated with pancreatic surgery has improved. 6, 38 In contrast, the incidence of postoperative complications remains high. 39, 40 Stratification of perioperative risk has traditionally focused on the presence or absence of specific medical comorbidities or the American Society of Anesthesiologists (ASA) physical status classification. [41] [42] [43] The use of these metrics to assess accurately the risk of postoperative complications has been a matter of some debate. 44, 45 In addition, these measures typically are not helpful in risk-stratifying the long-term prognosis of cancer patients. As such, there has been an increasing interest in the use of more global metrics, such as frailty, to help stratify patients with regard to both short-and long-term outcome. While frailty can be assessed in a number of ways, sarcopenia is an objective, easily obtainable measure of the frailty syndrome. 24, 46 Traditionally, sarcopenia has been assessed using only a single cross-sectional measurement of the psoas muscle. 29, 31 The current study is important because we utilized a novel means to define sarcopenia by measuring the entire volume of the psoas muscle. In using TPV rather than TPA, we were able to assess a larger, more representative sample of lean muscle mass. In fact, we found that while TPAsarcopenia was not associated with short-term outcomes such as complications and length of stay, TPV-sarcopenia was. Specifically, patients with TPV-sarcopenia had over a 1.5-fold increased risk of perioperative morbidity and, on average, a 2-day longer hospital stay. Furthermore, TPV-sarcopenia was strongly associated with long-term prognosis. Even after controlling for other tumor-specific variables such as tumor size and lymph node status, patients with TPV-sarcopenia had around a 1.5-fold increased risk of death long-term. As the population of the USA ages and the median age of the surgical patient increases, accurate tools to identify patients at higher risk of a complication will become increasingly important. 47 Several studies have noted that chronological age may not be a good indicator of perioperative risk. [48] [49] [50] Rather than chronological age, the patient's underlying physiological status has more importance. 51, 52 Frailty, defined as a patient's lack of physiological reserve, may be a better indicator of perioperative risk. While several different methods have been suggested to measure frailty, 19 sarcopenia has been proposed as a preferred way to define frailty because it is easily obtained and quantitated. 24, 46 Sarcopenia is distinct from weight loss and instead specifically refers to a decrease in lean muscle mass. 25, 26 As demonstrated in the current study, muscle mass varied by age-with the annual decrease being slightly more notable for TPV compared with TPA (−0.23 vs. −0.21, P<0.001). There were also variations in TPA and TPV based on differences in sex, with men having a higher mean TPA and TPV than women. These data serve to emphasize that assessment of muscle mass and derivative definitions of sarcopenia need to take into account age and sex differences (Fig. 2) .
There is some heterogeneity in the published data on the impact of TPA-sarcopenia on morbidity following surgery. 30, 31, 53 In our own previous work, we examined patients undergoing pancreatic resection for adenocarcinoma and noted that TPA-sarcopenia was not associated with morbidity or hospital stay. 31 The present study confirmed these findings and expanded on our previous work. Specifically, by measuring the entire volume of the psoas rather than just a single cross-sectional image, we demonstrated in this study that sarcopenia as defined by TPV was indeed associated with perioperative outcomes. Patients with TPV-sarcopenia were at a 69 % increased risk of complications and also had a longer hospital stay. Of note, TPV-sarcopenia remained an BMI body mass index, LVI lymphovascular invasion, PVI perivascular invasion independent predictor of morbidity even after adjusting for competing factors. The reason for the disparate results when examining TPA versus TPV may be due to the higher accuracy of volumetry to assess a larger sample of muscle mass, as well as the semi-automatic manner of volumetry compared with cross-sectional assessment. 54 In addition to TPV-sarcopenia, we noted that patients with sarcopenic obesity had a particularly high risk of postoperative complications. In fact, those patients with TPV-sarcopenic obesity had a fourfold higher risk of complications compared with obese patients without sarcopenia (Fig. 3b) . Whereas previous data have suggested that patients with high BMI have a greater chance of complications, our findings highlight how patients with sarcopenic obesity are at particular risk. Through the identification of patients at high risk of perioperative complications, patients can potentially be optimized in the preoperative setting through Bpre-habiliation^programs that emphasize exercise regimens and nutritional supplementation. [55] [56] [57] In the current study, we also found a strong association between TPV-sarcopenia and survival. While other tumorspecific factors such as tumor size, lymph node metastasis, and the presence of PVI and LVI were independent predictors of overall survival, TPV-sarcopenia remained an independent predictor of overall survival (Table 4 ). In fact, the overall risk of long-term mortality among patients with TPV-sarcopenia was over 46 % higher than that of patients without TPV sarcopenia. Similar to our findings, Voron et al. reported on patients who underwent hepatectomy for hepatocellular carcinoma (HCC) and noted that sarcopenia was associated with long-term survival. 27 In a different study, Kido et al. also note that sarcopenia predicted a poor prognosis among patients who underwent liver transplantation. 58 Our own group, using TPA-sarcopenia, similarly noted that sarcopenia was associated with a 60 % increased risk of death among patients following pancreatic surgery. Collectively, the evidence suggests that sarcopenia is a robust indicator of long-term outcome independent of tumor-specific factors.
The current study had several limitations that should be considered when interpreting the data. The retrospective nature of study did not allow us to measure other frailty parameters such as grip strength, gait speed, or exhaustion level. In addition, we examined psoas muscle mass only at one time point (i.e., within 1 month of surgery), rather than looking at changes in the psoas over a period of time. While changes in muscle mass may occur over time, a benefit of using sarcopenia and assessment of muscle mass is that, compared with weight, it is less subject to short-term fluctuation. 59 In addition, we did not look at other possible parameters of frailty or sarcopenia such as serum albumin or psoas muscle density. Finally, since all patients underwent surgical resection, we were unable to assess the impact of sarcopenia on patients with pancreatic cancer who might have been too frail to be offered surgery in the first place.
In conclusion, TPV-sarcopenia was strongly associated with short-and long-term outcomes after pancreatic resection. Unlike TPA, which was not associated with short-term outcomes, TPV was a predictor of adverse perioperative events such as morbidity and a longer length of stay. In addition, TPV was associated with long-term outcome as patients in the lowest TPV quartile had the worst survival. Measuring TPV may be a more precise method than TPA to assess muscle mass, sarcopenia, and frailty. As such, the incorporation of TPV into the patient's preoperative assessment should be considered. Identification of TPV-sarcopenia may help stratify those patients at higher risk of complications and, in turn, allow for aggressive pre-habilitation in the hopes of improving outcomes.
